Introduction
A novel photobiological property of the blue light-specific response, green reversibility, has recently been characterized in isolated stomata (Frechilla et al. 2000 , Eisinger et al. 2003 and stems (Folta 2004) . In stomata, green light given simultaneously with blue light reverses blue light-specific opening in a dose-dependent fashion, with full reversal obtained with a 2 : 1 ratio of green to blue light. Green light given in the absence of blue light does not cause stomatal closure. The action spectrum for green reversal resembles the action spectrum for blue light opening, red-shifted by 90 nm (maximum activity 540 nm; Karlsson 1986 , Frechilla et al. 2000 . Green reversal has also been demonstrated in pulse experiments, in which stomata were exposed to short, sequential pulses of blue and green light given in a red light background. The resulting aperture response is determined by the color of the last pulse given, in a manner analogous to the wellknown red, far-red reversibility of phytochrome responses (Frechilla et al. 2000) . Green reversibility appears to be a basic property of blue light-stimulated stomatal opening and has been found in eight species commonly used for stomatal studies, including Arabidopsis (Talbott et al. 2002a ). Green light reversibility thus provides a convenient and specific probe for characterizing the presence of a blue light-specific stomatal opening response and has been successfully used to characterize the blue light responses of the postulated blue light photoreceptor mutants, npq1 and phot1 phot2 (Talbott et al. 2003) .
All experiments characterizing the green reversibility response have been conducted with isolated stomatal systems. In the present study, we show for the first time that a green light reversal of blue light-specific stomatal opening can be observed in stomata from intact leaves. The finding led to the development of a method allowing the characterization of the stomatal response to blue light in the intact leaf over a daily cycle of stomatal movement. These experiments show that stomatal sensitivity to green light matches the potassium phase of guard cell osmoregulation (Talbott and Zeiger 1996) . Finally, we use green reversibility as a probe to investigate further the properties of blue light-specific opening in intact leaves of the npq1 and phot1 phot2 mutants of Arabidopsis.
Results
Removal of green light opens stomata from leaves of wild-type Arabidopsis plants grown in a growth chamber under red, blue and green illumination
Experimental testing of blue-green reversibility of stomatal opening in the intact leaf is complicated by mesophyll responses to changes in illumination that can alter inter-cellular CO 2 concentrations and affect stomatal apertures via stomatal responses to CO 2 . The question was addressed by growing intact Arabidopsis plants in a growth chamber illuminated with red, blue and green light from fluorescent lamps. This experimental design assumed that under these conditions, both the stomatal response to blue light and the green reversal are operating. Removal of the green light would be expected to open stomata by eliminating the green light reversal component.
The results of these experiments are shown in Fig. 1 , but resulted in an increase in stomatal aperture from an initial value of 1.8 µm to a final value of 3 µm (Fig. 1a) . The aperture increase caused by the removal of green light cannot be explained by a mesophyll effect on stomata, since any effect of the removal of green light on mesophyll photosynthesis would be expected to decrease photosynthetic rates and increase intercellular CO 2 concentrations, leading to stomatal closing.
Subsequent reinstatement of 30 µmol m -2 s -1 green light closed the stomata, and aperture values returned to their original values.
In the absence of blue light, stomata illuminated with 90 µmol m -2 s -1 red light did not respond to removal or reinstatment of green light. (Fig. 1a) . Thus, the observed stomatal response to green light requires the presence of blue light. This characteristic, combined with the reversibility of the response, leads to the conclusion that the blue-green reversibility of stomatal opening discovered in isolated stomata operates in the intact leaf.
In other experiments, the chamber light cycle was initiated with red and blue illumination, to which green light was subsequently added. In these experiments, stomata illuminated with blue and red light opened to a steady-state, average aperture of approximately 3 µm and closed to 1.8 µm upon the addition of green light (data not shown). These results indicate that the stomatal responses to the addition and removal of green light are independent of the sequence of illumination.
Phytochrome photoequilibrium can be altered by green light (Mandoli and Briggs 1981, Steinitz et al. 1985) and stomatal responses to light can be mediated by phytochrome under certain conditions (Talbott et al. 2002b , Talbott et al. 2003 . The possibility that the responses to green light were mediated by phytochrome were investigated in experiments measuring stomatal apertures in intact, attached leaves illuminated with 30 µmol m -2 s -1 blue, 60 µmol m -2 s -1 red and 60 µmol m -2 s -1 far red light. Baseline stomatal apertures reached 2.7 µm (Fig. 1b) , closely matching values found under red plus blue illumination (Fig. 1a) . Subsequent removal or reinstatement of far red light had no detectable effect on aperture, ruling out a phytochrome-mediated effect in the stomatal response to green light.
The specific blue light response of stomata operates over a broad range of fluence rates in the morning but not in the afternoon
The characterization of the stomatal response to green light as a probe for the specific stomatal response to blue light made it possible to investigate the blue light response over a broad range of incident radiation and at different times of the daily cycle.
In these experiments, red, green and blue light was varied proportionally between 30 and 120 µmol m -2 s -1 , and green light removal experiments such as those shown in Fig. 1 were then performed. Stomata responded to green light under all flu- ence rates, showing a fully reversible opening in response to the removal of green light (Fig. 2a) . The magnitude of the opening increased as the total fluence rate in the chamber increased. Upon the removal of green light under 30 µmol m -2 s -1 total fluence, stomata opened 21% (from 1.4 to 1.7 µm) while under 120 µmol m -2 s -1 , stomata opened 39% (from 1.8 to 2.5 µm).
On the other hand, there was a large difference in the stomatal sensitivity to green light at different times of the daily cycle. The experiments described above ( Fig. 2a) were performed 3 h after the start of the light-on part of the cycle in the growth chamber, physiologically analogous to the morning hours of solar radiation. Green light removal experiments conducted 7 h after the start of illumination, equivalent to the afternoon in a natural daily cycle, showed no green light sensitivity under any fluence rate tested (Fig. 2b ) even though initial morning and afternoon apertures were of comparable magnitude. These results indicate that the blue light-specific photoreceptor system is a component of the light response of stomata in the morning and not in the afternoon.
Studies with Vicia faba have shown that under both growth chamber and greenhouse conditions, guard cells use potassium and its counter-ions as their main osmoticum in the morning, and sucrose in the afternoon (Talbott and Zeiger 1996) . Other studies have shown that the blue light response of stomata is specifically associated with the use of potassium and its counter-ions, whereas the sucrose-dependent phase is associated with guard cell photosynthesis (Tallman and Zeiger 1988 , Poffenroth et al. 1992 , Talbott and Zeiger 1993 . In order to determine whether similar osmoregulatory mechanisms operate in Arabidopsis, we used histochemical analysis of guard cell potassium content over a daily course of stomatal movements in the growth chamber. Two representative time courses are shown in Fig. 3 . In each case, the primary phase of potassium accumulation by guard cells occurs before the mid-point of the light cycle. Little potassium accumulation is seen during Fig. 2 Removal of green light opens stomata from intact leaves of wild-type Arabidopsis in the morning and not in the afternoon. Experimental conditions are as in the experiment shown in Fig. 1a . The total fluence rate in the chamber was adjusted to the specified value 1 h before the start of the experiment by varying the distance to the light sources. Results are shown for experiments started 3 h (a) and 7 h (b) into the 12 h daily light cycle of the growth chamber. Points represent the average of three experiments with 30-50 stomatal aperture measurements per experiment.
Fig. 3
Potassium accumulation in guard cells of intact leaves during a daily cycle of stomatal movements in the growth chamber. Potassium content was assessed by the sodium hexanitrocobaltate stain method and quantified as the percentage of guard cell area covered by the resulting precipitated potassium stain granules (Green et al. 1990 ). Results of two daily cycles of opening are shown. The white bar at the bottom of the graph indicates the light period.
the afternoon phase of the light cycle. These results indicate that, like V. faba, Arabidopsis stomata used potassium only in the morning hours of the daily cycle. Obtained data further indicate that the specific blue light of stomata is strictly associated with the potassium phase of guard cell osmoregulation.
The green light sensitivity of stomata from intact leaves of the npq1 mutant and the phot1 phot2 double mutant of Arabidopsis Plants of the zeaxanthin-less, npq1 mutant of Arabidopsis were grown in a growth chamber under 30 µmol m -2 s -1 blue, 30 µmol m -2 s -1 green and 60 µmol m -2 s -1 red light. Blue light-stimulated opening and green reversibility of npq1 stomata in intact leaves was investigated by removing and restoring green light. Under blue, red and green illumination, stomata of intact npq1 leaves opened to a value of approximately 1.4 µm. Removal or reinstatement of green light had no effect on aperture values (Fig. 4a ). An increase of the red light component from 60 to 90 µmol m -2 s -1 increased stomatal apertures to about 2.3 µm, indicating that these npq1 stomata were capable of further opening via increased photosynthesis (data not shown).
Stomata from intact leaves of the phot1 phot2 double mutant grown under 30 µmol m -2 s -1 blue, 60 µmol m -2 s -1 red and 30 µmol m -2 s -1 green light showed initial aperture values of about 1 µm (Fig. 4b) . Removal of the 30 µmol m -2 s -1 green light component opened the stomata to approximately 1.4 µm. As in the case of wild-type plants, subsequent restoration of the green light resulted in a reduction of stomatal apertures to the initial values (Fig. 4b) .
Pulse experiments with stomata from intact leaves of wild-type and phot1 phot2 double mutants of Arabidopsis
The response of guard cells to short blue light pulses has been characterized in gas exchange experiments with intact leaves (Zeiger et al. 1985) , and patch clamping and proton extrusion experiments with guard cell protoplasts (Assmann et al. 1985 , Shimazaki et al. 1986 . A detailed comparison of electrical currents elicited by blue and red light (Assmann et al. 1985 , Serrano et al. 1988 ) has shown that the response to blue light pulses is diagnostic for the specific stomatal response to blue light. Recent studies have shown that green light pulses reverse the guard cell response to blue light pulses (Frechilla et al. 2000) . The pulse response has been modeled on the basis of two interconvertible forms of a blue light photoreceptor (Iino et al. 1985) .
The response to pulses in the intact leaf was investigated in experiments using short pulses of high fluence light. Plants were allowed to equilibrate under a 100 µmol m -2 s -1 red light background illumination and then given a 30 s pulse of 1,800 µmol m -2 s -1 blue light. Stomata from wild-type plants responded with a transient opening, with maximal apertures occurring approximately 20 min after the pulse (Fig. 5a ). A 30 s pulse of 1,800 µmol m -2 s -1 red light failed to elicit opening, indicating that the opening seen after the blue light pulse was not due to increased photosynthetic activity in the guard cells or mesophyll cells. The ability of green light to reverse this blue light-stimulated opening was tested using a subsequent pulse of green light. When the 30 s pulse of 1,800 µmol m -2 s -1 blue light was immediately followed by a 30 s pulse of 3,600 µmol m -2 s -1 green light, no stomatal opening was detected (Fig. 5a) .
In contrast to the wild-type plants, stomata in npq1 mutant plants did not open in response to a 30 s pulse of 1,800 µmol m -2 s -1 of either blue or red light applied under a 100 µmol m -2 s -1 background red light (Fig. 5b) . Stomata in leaves of the phot1 phot2 double mutant also failed to open in response to a 30 s pulse of 1,800 µmol m -2 s -1 blue light (Fig. 5c) . However, doubling the fluence rate of the pulse to 3,600 µmol m -2 s -1 resulted in a small but reproducible transient stomatal opening over the 20 min following the pulse. As in the case of wild-type plants, this opening response was completely reversed by a Fig. 4 The blue-green response is observed in stomata from intact leaves of the phot1 phot2 double mutant but not in stomata from the zeaxanthin-less, npq1 mutant of Arabidopsis. Plants were grown in a growth chamber under illumination composed of 60 µmol m -2 s -1 red, 30 µmol m -2 s -1 blue and 30 µmol m -2 s -1 green fluorescent light. Green light was removed and restored (bars at the bottom of the figure), and apertures were measured as described in Fig. 1a . Points represent the average of three experiments with 30-50 stomatal aperture measurements per experiment ±SE of the measurement. subsequent pulse of green light. Stomata of npq1 mutant plants showed no opening in response to a 3,600 µmol m -2 s -1 , blue light pulse (Fig. 5b) .
Discussion
The green light sensitivity of stomata from intact leaves
The discovery of the capacity of green light to reverse the blue light response of stomata is a novel development in our understanding of guard cell photobiology (Frechilla et al. 2000) . A detailed characterization of the response in isolated stomata has shown that the response to green light can only be detected in the presence of blue light, indicating that the green light response is an intrinsic aspect of the specific stomatal response to blue light. The blue-green reversibility of the stomatal response has been interpreted as the expression of two interconvertible forms of a blue light photoreceptor, an inactive one absorbing in the blue and an active form that, upon absorption of green light, reverts to the inactive form (Frechilla et al. 2000) . The recent finding that the proposed blue light photoreceptor, zeaxanthin, undergoes photoisomerization, and that the cis isomer has a large absorption cross-section in the green, supports this hypothesis (Milanowska and Gruczecki 2005) .
The present study shows that stomata from intact leaves also exhibit the blue-green reversibility response. The response was detected as an increase in stomatal apertures ensuing from the removal of green light from incident radiation composed of blue, red and green light, and the closing of the stomata to baseline levels upon restoration of the green light.
Elimination of the green component of the incident radiation decreased the total fluence rate in the chamber by 24%, and caused a 50% increase in stomatal aperture. Any mesophyll-mediated effect on stomatal apertures would be expected to decrease stomatal apertures. The fact that apertures increase, and that no effect of green light was observed in the absence of blue light (Fig. 1) indicates that the observed stomatal sensitivity to green light in the intact leaf parallels the blue-green reversibility of stomatal opening extensively characterized in isolated stomata.
These findings further indicate that green light dampens stomatal movement in response to blue light in stomata from intact leaves. It will be important to determine the extent to which green light alters stomatal conductance of intact leaves under natural conditions. Experiments using gas exchange are currently planned to test green light effects on transpiration and CO 2 uptake, and its potential ecological impact.
The stomatal sensitivity to green light is observed in the morning and not in the afternoon
The obtained results also indicate that the stomatal response to green light can be used as diagnostic for the operation of the stomatal response to blue light in the intact leaf. Detailed characterization of the green light sensitivity of stomata from intact leaves growing in a growth chamber showed that the stomata responded to green light in roughly the first part of the daily cycle (equivalent to the morning hours of a daily course under solar radiation) but not during the second half (afternoon) portion of the light cycle (Fig. 2) . In both greenhouse and growth chamber conditions, guard cell osmoregulation in V. faba has been shown to have two distinct phases. One phase covers the period from the onset of illumination until midday and, in this period, guard cell osmoregulation is provided by potassium accumulation. The second phase Fig. 5 Response of stomata from intact Arabidopsis leaves of wildtype (a), npq1 mutant (b) and phot1 phot2 double mutant (c) plants to blue light pulses, one of the most stringent diagnostics tests for a specific blue light response. Plants were under 100 µmol m -2 s -1 continuous red background illumination throughout the experiments. Pulses were given 1 h after the start of the red light treatment. The pulse protocol is indicated in each figure part. Aperture measurements were made at 10 min intervals, starting 10 min before application of the light pulse(s). Data are shown as the change from the initial aperture value in order to normalize measurements between leaves. Average initial apertures were 1.9, 1.1 and 1.2 µm for wild-type, npq1 and phot1 phot2 plants, respectively. Points represent the average of three experiments with 30-50 stomatal aperture measurements per experiment ±SE of the measurement.
starts at the mid-point of the light cycle and lasts until stomata close at the end of the day. Potassium leaves the guard cells at the beginning of this second phase and sucrose accumulates as the primary osmoticum (Talbott and Zeiger 1996) . While technical limitations make sucrose quantitation in Arabidopsis impractical, the dynamics of potassium accumulation in Arabidopsis guard cells (Fig. 3) indicate that the two osmoregulatory phases characterized in Vicia guard cells are also likely to operate in Arabidopsis stomata.
Several studies have shown that the specific stomatal response to blue light is associated with proton extrusion and potassium accumulation (Tallman and Zeiger 1988 , Poffenroth et al. 1992 , Talbott and Zeiger 1993 , Kinoshita and Shimazaki 1999 , Ueno et al. 2005 . The findings reported here, showing that the blue-green reversibility of stomata opening is restricted to the first part (morning) of the daily cycle, indicate that the relationship between the blue light response of stomata and the potassium-dependent phase of guard cell osmoregulation is also found in the intact leaf.
These results strongly imply that the shift in observed osmoregulatory patterns results not just from a change in the choice of osmoticum but from a shift in the photosensory/signal transduction system comprising the primary component of the stomatal response to light.
The operation of the blue-green reversibility response has other ecological implications. Foliage cover removes more blue than green light (Klein 1992) , resulting in a lower blue/green ratio for leaves growing under canopies. In these conditions, the green light reversal effect might suppress the blue light response, thus preventing excessive water loss in shaded environments where the potential for photosynthesis is small.
On the other hand, the high sensitivity of the blue light response has led to the postulate that its ecological role is to open stomata in the early morning and in leaves growing under low levels of incident radiation. However, results reported here show that the stomatal response to blue and green light continues to operate at relatively high fluence rates (Fig. 2a) . The use of the green light response in the intact leaf should be valuable for further studies addressing these important questions.
Photoreceptor mutants in the intact leaf system
The npq1 mutant is unable to accumulate the putative blue light photoreceptor zeaxanthin (Niyogi et al. 1998 , Frechilla et al. 1999 ). The present results show that npq1 stomata in intact leaves also fail to respond to blue light pulses and that green light has no effect on aperture (Fig. 4, 5) . These results agree with findings from previous studies in which isolated stomata from npq1 were found to lack a blue light-specific opening in response to either continuous blue light or blue light pulses (Frechilla et al. 1999 , Talbott et al. 2003 .
Isolated stomata from phot1 phot2, a double mutant lacking both homologs of the putative blue light photoreceptor, phototropin (Liscum et al. 2003) , were previously shown to have a blue light-specific, green-reversible opening response (Talbott et al. 2003) . The phot1 phot2 mutation resulted in the stomata being less sensitive to blue light, requiring about twice the fluence rate needed to open wild-type stomata (Talbott et al. 2003) . Results shown here with stomata from intact leaves are consistent with the previous studies. Removal or restoration of green light in the growth chamber resulted in a stomatal aperture change of about 1 µm in wild type plants and 0.5 µm in phot1 phot2 double mutants (Fig. 1, 4) . These results support the concept that in guard cells, phototropins are regulatory proteins and not photoreceptors.
Materials and Methods

Plant material and growth conditions
Arabidopsis thaliana plants, ecotype Columbia were used for this work. Wild-type, npq1-2 mutant (Niyogi et al. 1998 ; gift of Dr. Krishna Niyogi, University of California, Berkley, CA, USA) and phot1-5 phot2-1 double mutant (gift of Dr. Winslow Briggs, (Carnegie Institution of Washington, Stanford, CA, USA) seeds were given a 24 h cold treatment and a 1 h red light treatment, then planted in pots with commercial potting mix (Sunshine Mix No. 1, American Horticultural Supply, Camarillo, CA, USA). Plants were grown in a Conviron E8 growth chamber (Conviron Inc., Asheville, NC, USA) at 75% relative humidity in 16 h of light/8 h of dark at 22°C. Plants used for light pulse experiments were grown under 50 µmol m -2 s -1 white fluorescent light (GTE Sylvania F48T12/CW/VHO, Sylvania, Danvers, MA, USA). For experiments varying the spectral composition of the incident radiation in the growth chamber, plants were grown under a total fluence of 120 µmol m -2 s -1 . The spectral composition of the incident radiation was 60 µmol m -2 s -1 red fluorescent light (Sylvania #236, peak output 660 nm), 30 µmol m -2 s -1 blue fluorescent light (Sylvania #246, peak output 455 nm) and 30 µmol m -2 s -1 green fluorescent light (Sylvania #2282, peak output 530 nm). All colored fluorescent lamps were a gift from Dr. John Sager (NASA Kennedy Space Center). Light levels were measured with a quantum sensor (LI-COR Inc., Lincoln, NE, USA). Plants were fertilized once a week (20-10-20 mix, Grow-More Research and Manufacturing Co., Gardena, CA, USA).
Growth chamber experiments with variable spectral composition of incident radiation
Plants were grown in the growth chamber under combined red, green and blue illumination as described in the plant growth section above. Beginning 1 h before the start of measurements, the ambient CO 2 concentration in the chamber was maintained at 450 ppm to minimize CO 2 -mediated stomatal movements. CO 2 levels were measured with an infrared gas analyzer (EGM-1, PP systems, Haverhill, MA, USA) and maintained constant through addition of 100% CO 2 gas from an external supply. For experiments measuring fluence rate dependence, total chamber illumination was adjusted to the desired value 1 h before the start of measurements by varying the distance between the plants and the rack containing the light sources. Red, green and blue light were thus varied proportionally to maintain a constant spectral quality.
Aperture measurements were taken beginning 3 h (morning experiments) or 7 h (afternoon experiments) into the light cycle and at 20 min intervals thereafter for the subsequent 3 h. The first three measurements quantified average stomatal aperture under combined red, green and blue illumination and insured that stomata had reached steady-state apertures. Immediately following the third measurement, the green component of the incident radiation was shut off, leaving only red and blue illumination. The green component was restored immediately following the sixth measurement. This pattern of measurement resulted in stomatal apertures being tracked over the hour following removal and the hour following restoration of the green component of incident radiation.
In experiments testing the effect of the sequence of spectral changes, the green light component was turned off before the start of the light cycle. Stomata were allowed to open during an initial 3 h period under only red and blue light. The experiment then proceeded as described above, except that the first change in illumination was the addition of green light.
For experiments using far-red light, the green lights were replaced with 60 µmol m -2 s -1 far red fluorescent light (Sylvania #232, peak output 740 nm, gift of Dr. John Sager) before the start of the light cycle. The far-red fluence rate was measured by an SKR110 far-red quantum sensor (Skye Instruments Ltd, Llandrindad Wells, UK). Red and blue fluence rates remained unchanged at 60 and 30 µmol m -2 s -1 , respectively.
Light treatments for pulse experiments
Whole plants were placed in a light treatment chamber at 23°C, 75% relative humidity and incubated in 100 µmol m -2 s -1 red light for 50 min to establish steady-state aperture. Red light was provided by two light-emitting diode arrays with a peak output at 635 nm (SL905RCE, SloanLED, Ventura, CA, USA). Stomatal aperture measurements were made 50 min after the beginning of the red light treatment and at 10 min intervals thereafter. At 60 min after the start of the red light treatment, a 30 s pulse of blue or red light of the specified fluence rate was applied on top of the red light background illumination. In dual pulse experiments, the first light pulse was immediately followed by a second 30 s 3,600 µmol m -2 s -1 green pulse. Light pulses were supplied by a xenon lamp (PS1000sw-1, ILC Technology, Sunnyvale, CA, USA) in combination with blue (No. 2424, 470 nm maximum, half bandwidth 100 nm), green (50% cut-offs at 505 and 560 nm) or red (No. 2423, 50% cut-off 595 nm) plexiglass filters (Rohm and Haas, Hayward, CA, USA). Light levels were measured by a quantum sensor (LI-Cor Inc.).
Measurement of stomatal aperture and guard cell potassium content
Three to four leaves from intact plants were collected, avoiding the oldest and youngest portions of the rosette. Epidermal strips were carefully detached by hand from each leaf and mounted directly on a slide for aperture measurement. Average aperture was determined from measurements of 30-50 digitized video images of abaxial stomata in the 3-4 epidermal peels using an Olympus BH-2 microscope (40× objective, 10× ocular, Olympus, Melville, NY, USA) connected to a Javelin JE2362A digital imaging camera (Javelin Systems, Torrence, CA, USA). Image processing was handled with an IBM PCbased MV-1 image analysis board (Metrabyte Corp., Taunton, MA, USA) and JAVA image analysis software (Jandel Scientific, Corte Madera, CA, USA). All experiments were repeated three times. Data presented are average aperture values over all replicates (a total of 90-150 aperture measurements per treatment). Guard cell potassium content was assessed histochemically with sodium hexanitrocobaltate stain according to the method of Green et al. (1990) . Stain content was quantified as the percentage of guard cell area covered by the resulting precipitated potassium stain granules using the image analysis system described above. 
